Gauged U (1) Lµ−Lτ model has been advocated for a long time in light of muon g − 2 anomaly, which is a more than 3σ discrepancy between the experimental measurement and the standard model prediction. We augment this model with three right-handed neutrinos (N e , N µ , N τ ) and a vector-like singlet fermion (χ) to explain simultaneously the non-zero neutrino mass and dark matter content of the Universe, while satisfying anomalous muon g − 2 constraints. It is shown that in a large parameter space of this model we can explain positron excess, observed at PAMELA, Fermi-LAT and AMS-02, through dark matter annihilation, while satisfying the relic density and direct detection constraints.
I. INTRODUCTION
The standard model (SM) of elementary particle physics, which is based on the gauge group SU (3) C ×SU (2) L ×U (1) Y is very successful in explaining the fundamental interactions of nature. With the recent discovery of Higgs at LHC, the SM seems to be complete. However, it has certain limitations. For example, the muon g − 2 anomaly, which is a discrepancy between the observation and SM measurement with more than 3σ confidence level [1] . Similarly, it does not explain sub-eV masses of active neutrinos as confirmed by long baseline oscillation experiments [2] . Moreover, it does not accommodate any particle candidate of dark matter (DM) whose existence is strongly supported by galaxy rotation curve, gravitational lensing and large scale structure of the universe [3] . In fact, the DM constitutes about 26.8% of the total energy budget of the universe as precisely measured by the satellite experiments WMAP [4] and PLANCK [5] .
At present LHC is the main energy frontier and is trying to probe many aspects of physics beyond the SM. An attractive way of probing new physics is to search for a Z -gauge boson which will indicate an existence of U (1) symmetry. Within the SM, we have accidental global symmetries U (1) B , where B is the baryon number, and U (1) L , where L = L e + L µ + L τ is the total lepton number. Note that U (1) B and U (1) L are anomalous and can not be gauged without adding any ad hoc fermions to the SM. However, the differences between any two lepton flavours, i.e., L i − L j , with i, j = e, µ, τ , are anomaly free and can be gauged without any addition of extra fermions to the SM. Among these extensions the most discussed one is the gauged L µ − L τ The interactions of corresponding gauge boson Z are restricted to only µ and τ families of leptons and therefore it significantly contribute to muon g − 2 anomaly, which is a discrepancy between the observation and SM measurement with more than 3σ confidence level. Moreover, Z does not have any coupling with the electron family. Therefore, it can easily avoid the LEP bound: M Z /g > 6 TeV [37] . So, in this scenario a Z -mass can vary from a few MeV to TeV which can in principle be probed at LHC and at future energy frontiers.
In this paper we revisit the gauged U (1) Lµ−Lτ model in light of muon g − 2 anomaly, neutrino mass and DM phenomenology. We augment the SM by including three right handed neutrinos: N e , N µ and N τ , which are singlets under the SM gauge group, and a vector like colorless neutral fermion χ. We also add an extra SM singlet scalar S. All these particles except N e , are charged under U (1) Lµ−Lτ , though singlet under the SM gauge group. When S acquires a vacuum expectation value (vev), the U (1) Lµ−Lτ breaks to a remnant Z 2 symmetry under which χ is odd while all other particles are even. As a result χ serves as a candidate of DM. The smallness of neutrino mass is also explained in a type-I see-saw framework with the presence of right handed neutrinos N e , N µ and N τ whose masses are generated from the vev of scalar field S.
In this model the relic abundance of DM (χ) is obtained via its annihilation to muon and tauon family of leptons through the exchange of U (1) Lµ−Lτ gauge boson Z . We show that the relic density crucially depends on U (1) Lµ−Lτ gauge boson mass M Z and its coupling g . In particular, we find that the observed relic density requires g 5 × 10 −3 for M Z 100 MeV. However, if g 5 × 10 −3 then we get an over abundance of DM, while these couplings are compatible with the observed muon g − 2 anomaly. We resolve this conflict by adding an extra singlet scalar η doubly charged under U (1) Lµ−Lτ , which can drain out the large DM abundance via the annihilation process: χχ → η † η. As a result, the parameter space of the model satisfying muon g − 2 anomaly can be reconciled with the observed relic abundance of DM. We further show that the acceptable region of parameter space for observed relic density and muon g − 2 anomaly is strongly constrained by null detection of DM at Xenon-100 [38] and LUX [39] . Moreover, the compatibility of the present framework with indirect detection signals of DM is also checked. In particular, we confront the acceptable parameter space with the latest positron data from PAMELA [40, 41] , Fermi-LAT [42] and AMS-02 [43, 44] .
The paper is arranged as follows. In section-II, we describe in details the different aspects of the model. Section-III is devoted to show the allowed parameter space from muon g − 2 anomaly. In section-IV, we estimate the neutrino mass within the allowed parameter space. Section V, VI and VII are devoted to obtain constraints on model parameters from the relic density, direct and indirect search of DM. In section-VIII, we lay the conclusions with some outlook.
II. THE MODEL FOR MUON g − 2 ANOMALY, NEUTRINO MASS AND DARK MATTER
We consider the gauge extension of the SM with extra U (1) Lµ−Lτ symmetry (from now on referred to as "gauged U (1) Lµ−Lτ model") where difference between muon and tau lepton numbers is defined as a local gauge symmetry . The advantage of considering the gauged U (1) Lµ−Lτ model is that the theory is free from any gauge anomaly without introduction of additional fermions. We break the gauge symmetry U (1) Lµ−Lτ to a residual discrete symmetry Z 2 and explore the possibility of having non-zero neutrino mass and a viable candidate of DM.
A. Spontaneous symmetry breaking
The spontaneous symmetry breaking of gauged U (1) Lµ−Lτ model is given by:
where
At first, the spontaneous symmetry breaking of G Lµ−Lτ → G SM × Z 2 is achieved by assigning non-zero vacuum expectation values (vevs) to complex scalar field S and η. The subsequent stage of symmetry breaking
is obtained with the SM Higgs H providing masses to known charged fermions. The complete spectrum of the gauged U (1) Lµ−Lτ model in light of DM and neutrino mass is provided in Table I where the respective quantum numbers are presented under
To the usual quarks and leptons, we have introduced additional neutral fermions N e , N µ , N τ for light neutrino mass generation via seesaw mechanism and a vector like Dirac fermion χ for the candidate of DM, being odd under the residual discrete symmetry Z 2 . we note that except χ all other particles are even under the Z 2 symmetry. 
B. Interaction Lagrangian
The complete interaction Lagrangian for the gauged U (1) Lµ−Lτ model is given by
where H is the SM Higgs doublet and S, η are the complex scalar singlets under SM, while charged under U (1) Lµ−Lτ . The neutral complex scalars H 0 , S and η can be parametrised as follows:
The mass matrix for the neutral scalars is given by
This is a symmetric mass matrix. So it can be diagonalised by a unitary matrix:
We identify M h as the physical mass of the SM Higgs, while M S and M η are the masses of additional scalars S and η respectively. Since S and η are singlets, their masses can vary from sub-GeV to TeV region. For a typical set of values:
0015, µ ηS = 0.1GeV , the physical masses are found to be M h = 125 GeV, M S = 1073 GeV, M η = 0.1 GeV and the mixing between h and η field is sin θ ηh = 8.7 × 10 −7 . We will study the importance of η field while calculating the relic abundance of DM. The mixing between η and h field is required to be small as it plays a dominant role in the direct detection of DM. We will show in Fig.5 that if the mixing angle is large then it will kill almost all the relic abundance parameter space.
D. Mixing in the Gauge Sector
The breaking of gauged U (1) Lµ−Lτ symmetry by the vev of S and η gives rise to a massive neutral gauge boson Z which couples to only muon and tauon families of leptons. In the tree level there is no mixing between the SM gauge boson Z and Z . However at one loop level, there is a mixing between Z and Z through the exchange of muon and tauon families of leptons as shown in the figure 1. The loop factor can be estimated as
where θ W is the Weinberg angle, C V is the vector coupling of SM fermions with Z boson, Λ is the cut off scale of the theory and m f is the mass of the charged fermion running in the loop. In the gauge basis, the mass matrix is given by
where Π is given by Π = Π µν * g µν and M Z 0 = 91.1876 GeV. Thus the mixing angle is given by Diagonalising the mass matrix (8) we get the eigen values:
where M Z and M Z are the physical masses of Z and Z gauge bosons. The mixing angle θ Z has to chosen in such a way that the physical mass of Z-boson should be obtained within the current uncertainty of the SM Z boson mass [45] . It can be computed from equation (10) as follows:
The magnetic moment of muon is given by
where g µ is the gyromagnetic ratio and its value is 2 for a structureless, spin 1 2 particle of mass m and charge q. Any radiative correction, which couples to the muon spin to the virtual fields, contributes to its magnetic moment and is given by
At present there is a more than 3σ discrepancy between the experimental measurement [46] and the SM prediction [1] of a µ value. This is given by:
In the present model, the new gauge boson Z contributes to ∆a µ and is given by [47] ∆a µ = α 2π
where α = g 2 µτ /4π. The above equation implies that the discrepancy between the experimental measurement [46] and the SM prediction [1] of a µ value can be explained in a large region of parameter space as shown in Fig. (3) .
IV. NEUTRINO MASS
In order to account for tiny non-zero neutrino masses for light neutrinos, we extend the minimal gauged U (1) Lµ−Lτ model with additional neutral fermions N e (0), N µ (1), N τ (−1) where the quantum numbers in the parentheses are the L µ − L τ charge. The relevant Yukawa interaction terms are given by
where the Dirac and Majorana neutrino mass matrices are given by
Using seesaw approximation, the light neutrino mass matrix can be read as
We illustrate here a specific scenario where not only the resulting Dirac neutrino mass matrix is diagonal but also degenerate. As a result, we can express M D = m d I 3×3 . One can express heavy Majorana neutrino mass matrix in terms of light neutrino mass matrix as
Thus, one can reconstruct M R using neutrino oscillation parameters and m d 10 −4 GeV. As we know that light neutrino mass matrix is diagonalised by the PMNS mixing matrix as
where m i are the light neutrino mass eigenvalues. The PMNS mixing matrix is generally parametrized as 
where c ij ≡ cos θ ij , s ij ≡ sin θ ij (for ij = 12, 13, 23), and P = diag.{1, e iα , e iβ }. Here we denoted Dirac phase as δ and Majorana phases as α, β.
For a numerical example, we consider the best-fit values of the oscillation parameters, the atmospheric mixing angle θ a ≡ θ 23 41.2
• , solar angle θ s ≡ θ 12 34.2
• , the reactor mixing angle θ r ≡ θ 13 9
• , and the Dirac CP phase δ = 0.8π (Majorana phases assumed to be zero here for simplicity i.e, α, β = 0). The PMNS mixing matrix for this best-fit oscillation parameters is estimated to be We also use the best-fit values of mass squared differences ∆m 
Using m 1 = 0.001 eV, the masses for heavy neutrinos are found to be M N 1 100 GeV, M N 2 1000 GeV and M N 3 8000 GeV. The same algebra can be extended for inverted hierarchy and quasi-degenerate pattern of light neutrinos for deriving structure of M R .
V. RELIC ABUNDANCE OF DARK MATTER
The local U (1) Lµ−Lτ is broken to a remnant Z 2 symmetry under which χ is odd and all other fields are even. As a result χ becomes a viable candidate for DM. We explore the parameter space allowed by relic abundance and null detection of DM at direct search experiments in the following two cases: (a) in absence of η (b) in presence of η.
A. Relic abundance in absence of η For simplicity, we assume that the right handed neutrinos N µ and N τ as well as the scalar field S are heavier than the χ mass. Now in absence of η 1 , the relevant diagrams that contribute to the relic abundance of DM χ are shown in Fig. (2) . Since the null detection of DM at direct search experiments, such as Xenon-100 and LUX restricts the Z −Z mixing to be small (tan θ z < 10 −2 ), the dominant contribution to relic abundance, below the threshold of Z , comes from the s-channel annihilation:χχ →ψψ,f f through the exchange of Z . Due to the resonance effect this cross-section dominates. We have shown in Fig. 3 , the correct relic abundance of DM in the plane of M Z and g µτ . Below the red line the annihilation cross-section through Z exchange is small due to small gauge coupling and therefore, we always get an over abundance of DM. The constraints from muon g − 2 anomaly and direct detection of DM via Z − Z mixing are also shown in the same plot for comparison. From  Fig. 3 , we see that in a large parameter space we can not get any point which satisfies both relic abundance of DM as well as muon g − 2 anomaly constraints. Therefore, it does not serve our purpose. We resolve the above mentioned issues in presence of the scalar field η(2), where the number inside the parenthesis is the charge under U (1) Lµ−Lτ . In presence of the SM singlet scalar field η(2), the new annihilation channelsχχ → η † η, shown in Fig. 4 , andχχ → hη open up in addition to the earlier mentioned channels, shown in fig. (2) . However, in the region of small gauge coupling g µτ , the dominant channel for the relic abundance of DM isχχ → η † η. The other channel:χχ → hη is suppressed due to the small mixing angle sin θ ηh , required by null detection of DM at direct search experiments. We assume that the mass of η to be less than a GeV as discussed in section II C. In this case the analytic expression for the cross-section ofχχ → η † η is given by:
From the above expression we observe that the cross-section goes as
1 GeV and varying the DM mass M χ and the coupling f χ , we have shown in Fig. 5 the allowed region in the plane of M η /M χ and f χ for the correct relic abundance. The green points show the value of analytic approximation 23, while the red points reveal the result from full calculation using micrOMEGAs [48] . The matching of both points indicates that the contribution to relic abundance is solely coming from theχχ → η † η channel. From the Fig. 5 it is clear that as the ratio Mη Mχ decreases, i.e., M χ increases for a fixed value of M η , we need a large coupling to get the correct relic abundance. For comparison, we also show the DM-nucleon spin independent elastic cross-section: nn → χχ mediated through the η − h mixing, in the same plot. We see that the allowed mixing angle by LUX data is quite small. 
VI. DIRECT DETECTION
We constrain the model parameters from null detection of DM at direct search experiments such as Xenon-100 [38] and LUX [39] in the following two cases: a. In the absence of η b. In the presence of η . We show that in absence of η field, the elastic scattering of DM with nucleon through Z − Z mixing give stringent constraint on the model parameters: M Z and g µτ , as depicted in fig.  (3) . On the other hand, in the presence of η field , the elastic scattering will be possible through the η − h mixing, while inelastic scattering with nucleon will be possible via Z − Z mixing. In the following we discuss in details the possible constraints on model parameters.
A. Direct Detection in absence of η
While the direct detection of DM through its elastic scattering with nuclei is a very challenging task, the splendid current sensitivity of present direct DM detection experiments might allow to set stringent limits on parameters of the model, or hopefully enable the observation of signals in near future. In absence of η field, the elastic scattering between singlet fermion DM with nuclei is displayed in Fig. 6 . The spin independent DM-nucleon cross-section mediated via the loop induced Z − Z mixing is given by [49, 50] 
where A is the mass number of the target nucleus, µ r = M χ m n /(M χ + m n ) ≈ m n is the reduced mass, m n is the mass of nucleon (proton or neutron) and f p and f n are the interaction strengths (including hadronic uncertainties) of DM with proton and neutron respectively. Here Z is the atomic number of the target nucleus. For simplicity we assume conservation of isospin, i.e. f p /f n = 1. The value of f n is varied within the range: 0.14 < f n < 0.66 [51] . If we take f n 1/3, the central value, then from Eqn. (24) we get the total cross-section per nucleon to be
for the DM mass of 33 GeV. Since the Z-boson mass puts a stringent constraint on the mixing parameter tan θ Z to be O(10 −2 − 10 −4 ) [52, 53] , we choose the maximum allowed value (10 −2 ) and plot the smallest spin independent direct DM detection cross-section (7.6 × 10 −46 cm 2 ), allowed by LUX, in the plane of g µτ versus M Z as shown in fig (3) . The plot follows a straight line as expected from equation (24) and shown by the green line in fig. (3) . Any values above that line will be allowed by the LUX limit.
B. Direct Detection in presence of η
In presence of the η field both elastic and inelastic scattering between DM and the nuclei is possible. The elastic scattering is mediated through η −h mixing while inelastic scattering is mediated by the Z − Z mixing.
Elastic scattering of dark matter
The spin-independent scattering of DM with nuclei is a t-channel exchange diagram as shown in Fig. 7 through the mixing of scalar singlet η with the SM Higgs H. The elastic scattering cross section σ n SI off a nucleon is given by [49, 50] :
2. Inelastic scattering of dark matter As we discussed above inelastic scattering [54] of the DM with the target nuclei is possible via Z − Z mixing. Let us rewrite the DM Lagrangian in presence of η field as [55] [56] [57] [58] :
where f 1 and f 2 are the interaction strengths to left and right components of the vectorlike fermion χ. When η gets a vev, the DM gets small Majorana mass m L = f 1 v η and m R = f 2 v η . The presence of small Majorana mass terms for the DM split the Dirac state into two real Majorana states χ 1 and χ 2 . The Lagrangian in terms of the new eigenstates is given as
where sin θ is the mixing angle , M 1 and M 2 are the two mass eigenvalues and are given by
From the above expression the dominant gauge interaction is off-diagonal, and the diagonal interaction is suppressed as m − Mχ 1. The mass splitting between the two mass eigen states is given by:
The inelastic scattering with the target nucleus due to Z − Z mixing is shown in Fig. 8 . The occurrence of this process solely depends on the mass splitting between the two states. In fact, the minimum velocity of the DM needed to register a recoil inside the detector is given by [54] [55] [56] [57] [58] :
where E R is the recoil energy of the nucleon. If the mass splitting is above a few hundred keV, then it will be difficult to excite χ 2 . So the inelastic scattering will be forbidden.
VII. INDIRECT DETECTION
We now look at the compatibility of the present framework with indirect detection signals of DM and in particular AMS-02 positron data. Recently, the AMS-02 experiment reported the results of high precision measurement of the cosmic ray positron fraction in the energy range of 0.5 − 500 GeV [43, 44] . This result further confirmed the measurement of an excess in the positron fraction above 10 GeV as observed by PAMELA [40, 41] and FERMI-LAT [42] . The usual explanation for this excess is through DM annihilation producing the required flux of positrons. However such an excess was not observed in the antiproton flux by PAMELA [59] , thus suggesting a preference for leptonic annihilation channels. Recently AMS-02 also announced results from their measurement of the antiproton flux, which suggests a slight excess above 100 GeV [60] . But this was found to be within error of the modelling of secondary astrophysical production [61] . In this context we consider the L µ −L τ symmetry where the DM dominantly annihilates to muons which then subsequently decay to produce electrons. This ensures a softer distribution of positrons thereby providing a better fit to the experimental data.
For theoretical explanation for AMS-02 positron excess through DM annihilations in the L µ − L τ symmetric extension of SM we have to calculate propagation of cosmic rays in the galaxy. In order to do this calculation, the propagation of cosmic rays is treated as a diffusion process and one therefore solves the appropriate diffusion equation. Here we calculate the flux of the cosmic ray electrons (primary and secondary) as well as secondary positrons at the position of the sun after propagating through the galaxy. The propagation equation for charged cosmic rays is given by [62] ∂ψ( r, p) ∂t
where ψ is the cosmic ray density,ṗ gives the energy loss of cosmic rays, D xx(pp) is the diffusion coefficient in spatial (momentum) coordinates while the last two terms represent the fragmentation and radioactive decay of cosmic ray nuclei. The diffusion coefficient is parameterized as D xx = D 0xx E −γe−δ . The primary spectrum of cosmic ray electrons is modeled by
where N is a normalization constant and L is the half height of the cylindrical diffusion zone. The parameters for propagation of cosmic rays are D 0 , δ, N , L, v a (Alfven velocity), V c and γ e . We use the GALPROP package [63] to solve the diffusion equation in Eq. 37 using a diffusive re-acceleration model of diffusion. The cosmic ray primary and secondary electron flux as well as the secondary positron flux which constitute the astrophysical background are thus obtained. The positron flux from DM annihilations is calculated using micrOMEGAs [48] while the gauged U (1) Lµ−Lτ model is implemented in micrOMEGAs with the help of LanHEP [64] . The ratio of the DM positron signal thus obtained, to the total astrophysical background gives the positron fraction. The key feature of the model is that the DM does not couple to quarks at tree level and hence we do not see any observable contribution to the antiproton flux. We therefore only plot the positron fraction against DM energy in Fig. 9 , for two benchmark points chosen such that they satisfy the relic density constraint from PLANCK [5] and the contribution to ∆a µ is 2σ and 3σ respectively. The parameters for the two chosen benchmark points are listed in Table II . We find that for the best fit to AMS-02 data in the current scenario requires M χ 500 GeV. Also for satisfying the relic density constraint we need M Z ∼ 500 GeV for M χ 500 GeV. Table II . The blue curve is for the benchmark point with ∆a µ = 2σ while the black curve is for ∆a µ = 3σ.
VIII. CONCLUSION
We discussed a gauged U (1) Lµ−Lτ extension of the SM in light of the non-zero neutrino mass, DM and the observed muon g − 2 anomaly which is a more than 3σ discrepancy between the experimental measurement and the SM prediction. In adition to that, three right handed neutrinos N e , N µ , N τ and a Dirac fermion χ were introduced which are charged under U (1) Lµ−Lτ symmetry except N e which is a complete singlet fermion. The U (1) Lµ−Lτ was allowed to break to a survival Z 2 symmetry at a TeV scale by giving vev to a SM singlet scalar S which bears an unit L µ − L τ charge. The vev of S gave masses not only to the additional gauge boson Z , but also to the right handed neutrinos: N e , N µ , N τ . As a result, below electroweak symmetry breaking, the light neutrinos acquired masses through the type-I seesaw mechanism. Under the survival Z 2 symmetry, χ was chosen to be odd while rest of the particles were even. Thus χ became an excellent candidate of DM.
We obtained the relic abundance of DM via its annihilation to muon and tauon families of leptons through the exchange of Z gauge boson. It is found that for Z mass greater than 100 MeV and its coupling to leptons: g µτ > 5 × 10 −3 correct relic abundance can be obtained. On the other hand, the muon g − 2 anomaly required smaller values of the gauge coupling g µτ for Z mass greater than 100 MeV (see fig. 3 ). So the two problems could not be solved simultaneously. Therefore, we introduced an additional scalar η which is doubly charged under U (1) Lµ−Lτ but singlet under the SM gauge group. In presence of η, the DM dominantly annihilates to η fields. As a result we found a large region of parameter space in which the constraints from muon g − 2 anomaly and relic abundance of DM could be satisfied simultaneously.
The hitherto null detection of DM at direct search experiments, such as LUX, also give strong constraints on the model parameters as discussed in Fig. 3 . We found that for Z mass greater than 100 MeV we need the corresponding gauge coupling: g µτ > 2 × 10 −4 . In fact such values of g µτ hardly agree with muon g − 2 constraint. However, in presence of η we can allow small values of the gauge coupling g µτ which can satisfy muon g − 2 anomaly while direct detection limit can be satisfied through η − h mixing diagram.
The annihilation of DM to only muon and tauon families of leptons dictates its nature to be leptophilic. So, the observed positron flux by PAMELA, Fermi-LAT and recently by AMS-02 in the cosmic ray shower with suppressed anti-proton flux could be explained in our model. We showed in Fig. 9 that the constraints from muon g − 2 anomaly and AMS-02 positron excess can be satisfied simultaneously in our model. 
